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The Cassini mission tc, Saturn will start a second
phase in the exploration of the Saturnian system. The
Cassini baseline mission is scheduled to be launched
in October 1997 by the Titan lV/CenLaur with Upgraded
Solid Rocket Motor (SRMU) launch vehicle. Cassini uses
four planetary gravity-assist flybys to gain the en-
ergy necessary to reach Saturn in June 2004. This ar-
rival date to Saturn provides a unique opportunity for
a flyby of Saturn’s oute~- satellite Phoebe on the fi-
nal approach. Upon arrival at Saturn, a Probe will be
delivered into the atmosphere of Titan and the Orbiter
will continue its fc)ur year satellite tour which will
be shaped by the repeated gravity assist flybys Of
Titan. This paper prc)vides an overview of the inter-
planetary trajectory design, the Titan atmospheric
Probe delivery, and the satellite tour.

INTRODUCTION

‘pJA~At~ c~~~ini mission w;]] send the first spacecraft- S/C to
visit. the Sat.urnian system in more than two decades, since Lhe
unprecedented flybys of the Voyager S/C in 1980 and 1981. Unlike
Voyager, the Cassini S/C will carry a Probe, provided by the
European Space Agency, that will be released into t_he Titan atmo-
sphere relaying science clata t.c) the Orbiter. The Orbiter will
store the Probe data and transmit it. back to Earth at a later
Lime. Another major difference from Voyager, is the duration of
the science encounter. Cassini will investigate Sat-urn, its
r:ngs, satellites, and rnagnet.osphere  for four years.

The Cassini baseline or pr:mary mission is scheduled for
launch in October 399-) using the Titan IV-SRMU/Centaur. I{ecause
the launch vehicle cannot pr-ovic]e enough energy to fly a direct
trajectory to Saturn, Cassini will fly a Venus-Venus-Earth-
Jupiter Gravity Assist. (VVEJGA)  trajectory, shown in ~’igures 1
and 2, to :ncrease the energy of the trajectory with each plane-
tary flyby. A deterministic or Deep Space Maneuver (DSM),
is required throughout the launch period, will be executed
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Figure 1. Czissini-VVEJGA  October 199”/, Interplanetary trajectory.
I,aunch Date: October 6, 1997 ; Arrival Date: June 25, 2004
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Venus 1 (April 1998) to lcjwer perihelion and place the S/C c]n the
proper course to encounter Venus for a second time in June 1999.
‘1’he S/C will be Sun pointed, except for maneuver execution, when
within one Astronomical Unit (AU) of the Sun allowing the Iligh
Gain Antenna (HGA) to shade the rest of the S/C. During this
time, communication with Earth will be achieved using the I,OW
Gain Antenna (I,GAs), After the Earth flyby in August 1999, the
Cassini S/C will. be on its way to the outer planets. The Jupiter
flyby OCCUI-S in December 2000. The science obtained during the
interplanetary cruise phase is limited primarily to gravitational
wave searches during three successive Sun oppositions begjnnjng
December 2001.

Saturn Orbit Insertion (S01) occurs June 25, 2004, 6.7 years
after launch. This arrival date enables a distant flyby of the
outer satellite Phoebe 19 clays before SOI. The initial orbit is
designed tc) target the combined Orbiter/Probe S/C to Titan with
the proper approach speed and accuracy. On November 6, 2004, ap-
proximately four months after SC)I, the Huygens Titan Probe will
be separated from the Orbiter. Two days after separation, the
Orbiter performs the Orbit Ileterminat,ion  Maneuver (ODM) to ensure
that the Orbiter will not follow the Probe into l’itan’s atmo-
sphere and to establish the proper geometry for E’robe data relay.
Probe entry occurs at the first Tjtan encounter on November 27,
2004 .

The orbital tour lasts 4 years which provides opportunities
for ring imaging, magnetospher-ic  coverage, and radio (F:arth),  so-
lar, and stellar occultations of Saturn, Titan, and the ring
system. A total of 33 close Titan flybys occur during the base-
line tour; these are to be used for gravity assist control c)f the
Saturn orbits as well as fc)r T’itan science acquisition. l’he S/C
is also target_ed for 4 close flybys of selected icy satellites
and makes a total of 29 more distant satellite encounters. At
this early stage, there ale many factors which may eventually
cause Lhe tour profile t.o djvergc from thaL presented here.

The baseline tour concludes in June, 2008, for a total mission
duration of 10.7 years. Nothing in the design of the tour pre-
cludes an extended missjon.

LAUNCH VEHICLE DESCRIPTION

A Titan IV-SRMU/Centaur  launch vehicle will inject the Cassini
S/C into the interplanetary trajectory to Saturn. I,aunch will
originate from Cape Canaveral Air Force Station, launch complex
40 or 41. The Titan lV vehicle is a United States Air F’orce
(USAF’) launch system consisting c)f a two stage Titan IV core
vehicle, two Type 11 solid rocket motors, a Centaur upper stage
and a 66 ft. long payload fairing. The integration of the S/C and
the launch vehicle is the responsibility of the NASA I,ewis
Research Center (I,eRC) I,aunch Vehicle Project Office, LeRC pro-
vides the official performance quotation to the Jet Propulsion
l,aboratory  (JPI,) . Martin Marietta Corporation
prime contractor for the launch vehicle system.
payload capability and maximizes launch vehicle

(MMC) is the USAF
MMC evaluates the
performance given



the target conditions (Launch Energy per unit mass (c3),
Declination of the l,aunch Asymptote, and the Right Ascension of
the Launch Asymptote).

BASELINE INTERPLANETARY TRAJECTORY

Launch Period

The current nominal launch period of the baseline Cassini tra-
jectory opens on October 6, 1997, and closes on October 30, 1997
providing a 25-day launch peric)d. A contingency launch period
might be included depending on trajectory performance and other
project considerations. The opening of the nominal launch period
is chosen to be the earliest launch dat,e for which mission per–
formance requirements are met anc~ the Earth flyby altitude is not
lower than 500 km. I,ower altitudes than this will result in un-
desirable penalties in satisfying I?arth swingby requirements. The
close of the nominal launch peric)d is constrained by the increase
in magnitude of a requirecl maneuver in the launch-to-Venus Jeg of
the trajectory. Launch dates which minimize the interplanetary
cruise duration are a function of the Saturn arrival date. The
Saturn arrival date is constrained by launch vehicle performance,
trajectory characteristics, and mission requirements placed on
bot_h the Orbiter and the Probe. An analysis of the launch/arrival
space was carried out at JI)I, to identify the optimal t~-ajectory
for each launch date within the launch period. A more complete
description of this study

Trajectory Events

The Centaur/Cassini s
inner solar system after
second burn which lasts
after injection, a Collis.

can be c)btained”from Reference 1.’

ack will be injected initially to the
the Centaur upper stage completes its
approximately eight minutes. Short] y
on and Contamination Avoidance Maneuver

is executec~ to separate t,he upper stage from the S/C such that
the upper stage will not impact Venus or the S/C. The first
Trajectory Correction Maneuver (TCM) is performed three t_o four
weeks after launch to correct for injection dispersions.

Table 1 provides a summary of events that apply only to the
reference trajectory which is t}le trajectory for the opening of
the nominal launch period of Lhe baseline trajectory. other
trajectories within the launch period are characterized by minor
differences in quantities such as flyby dates and altitudes,
maneuver dates anti magnitudes, etc. During the last five days of
the launch period, a deterministic maneuver appears in the
]aunch-to-Venus leg of the trajectory. This maneuver increases in
magnitude at a rate of about 23 m/s per day, and it reaches a
value of about 100 m/s by Oct. 30, 199-1. This maneuver results
when the second Venus flyby reaches its minimum allowed flyby
altitude of 300 km which in turn establishes an upper limit to
the ~:arth  flyby dates and altitudes. As a consequence of all
this, the Jupiter flyby altitude and date also reach a limit for
the last five days of the launch period.



The perihelion of the initial orbit, is 0.68 AU and is the
closest the S/C flies tc] the Sun. ‘l’his perihelion occurs on March
23, 1998. The first Venus encounter occurs on April 21,1998, 198
days after launch. ‘l’he Venus flyby trajectory is shown in ISigure
3. The S/C approaches Venus from the Sun direction. Venus occults
the S/C from-~he

Mission F:vent,s

Launch
Aphelion
DSM

Perihelion
Venus 1 flyby

HGA

DSM
Aphelion
I,GA

Venus 2 Flyby

Perihelion
Earth Flyby

HGA
● Conjunction
● Opposition

Jupiter flyby

● Conjunction
● Opposition

● Conjunction
● Opposition

● Conjunction
Science on

● Opposition

SOI
● Conjunct-ion

PRM
Probe Separation
ODM
Probe Entry
Titan 1 flyby

EOM

Sun for abc)ut 16 minutes and from the Rarth for

Table 1. MISSION EVENTS

Start. Date

6-Ott-97
I-Nov-97
16-Mar-98

23-Mar-98
21-Apr-98

27-Nov-98

2-I)ec-98
4-Dee-98
3-F’eb-99

20-Jun-99

27-Jun-99
16-Aug-99

2-Sep-99
13-May-00
28-Nov-00
30-Dec-00

7-Jun-01
16--Dec-Ol

21-Jurl-02
27-Dec-02

1-Ju1-03
25-Dec-03

4-Jan-04

25-Jun-04
8-JuI-04
10-Sep-04
6-Nov-04
8-Nov-04

27-Nov-04
27-Nov-04

25-Jun-08

Days
f r om Comments
I,aunch

o
?6

162

169
198

417

423
424
485

622

629
680

696
950

1149
1181

1340
1532

1719
1908

2094
22”/1

2281

2454
2467
2531
2588
2590
2609
2609

3915

C3 = 18.1 km2/s2
Sun range = 1.02 AU
AV = O m/s; AV>O for
launch dates after 10/25/97
Sun range = 0.68 AU
Altitude = 300 km;
Velocity = 11.8 km/s
On when Sun-s/c-Farth
angle < 30° at 1.5 AU
AV = 466 m/s
Sun range = 1.58 AU
Thermal constraints
restrict HGA usage
Altitude = 2207 km;
Velocity =- 13.0 km/s
Sun range = 0.72 AU
Altitude = 517;
Velocity = 19.1 km/s
On permanently

Gravity Wave Opportunity
Altitude = 141 Rj;
Velocity = 11.5 km/s

Gravity Wave Experiment -
opportunity i 20 days

Gravity Wave Experiment -
opportunity i 20 days

Science turn-on 6 months
before arrival
Gravity Wave Experiment -
opportunity i 20 days
AV =625 m/s

AV = 326 m/s

AV E 5“I m/s

Altitude = 1500 km;
Velocity = 5.9 km/s
F:nd of 4-year tour



Venus 1 Flvby

Approach

Earth

North Pole View.P’jgure 3. Venus 1 F’lyby, Trajectc)ry

about 2 hours. The Earth occultation zone starts 15 minutes after
the S/C leaves the Sun occultation zone, Closest approach occurs
in the Sun occultation zone which will last about 16 mirlutes. At
closest approach, the altitude is 300 km, the minjmurn permitted,
and the velocjty relative to Venus is 11,8 km/s. Venus targeting
accuracy is improved using two ‘1’CMS, 60 and 20 days before
closest approach, and a clean--up maneuver 20 days after the
flyby.

A i“ew days before apheljon of the second heljocentrjc orbjt, a
deterministic maneuver wjll be performed to reduce perihelion and
target the trajectory for the second Venus flyby. The magnitude
of this maneuver ranges from 350 m/s to 470 m/s depending on the
launch energy and the launch date, ‘l’his maneuver magnitude de-
creases for later launch elates within the launch period.

The second Venus flyby cjccurs on June 20,1999, 424 days aftel-
the first Venus encounter. The Venus-2 flyby trajectory is shown
in I’jgure 4 . Venus js approached from the antj-Sun directjon.
Closest approach occurs after i.he S/C exits a 15 minute Earth
occultation zone. At closest. apprc}ach, the altjtude is 2207 km,
and the Venus-relative velocity is 13 km/s. Venus 2 targetjng
maneuvers take place 60 and 20 days before closest approach and
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10 days after the flyby. Pe~-i hel ion of the second heliocentric
orbit c)ccurs a week after the second Venus flyby on June 27,
1999, at, a distance from the Sun of 0.”/2 AU.

The geometry of the VVKJGA trajectory is unique since it pro-
vides the opportunity of a double planetary flyby, Venus 2 to
l:art.h, within 56 days. The Earth flyby trajectory is shown in
l’igure 5. The ICarth is approached from the Sun direction. Closest
approach occurs on August 16, 1999, shortly before a 30 minute
Sun occultation. The altitude at closest approach is 51”1 km, and
the Earth-relative velocity is 19.1 krrds. Targeting n~aneuvers
will take place 30 and 10 days before closest. approach and a TCM
clean-up maneuver 20 days after the flyby.

The Jupiter flyby occurs on December 30, 2000, at an alti-
tude clf 141 Jupiter radii (10.1 million km), and a Jupiter--rela-
tive velocity of 11.6 km/s. The flyby altitude is dictated by
gravit.y-assist considerations. I,ower Jupiter flyby altitudes
would result in substantial AV penalties. Targeting maneuvers are
executed 80 and 20 days prior to the flyby and a ‘TCM clean-up ma-
neuver 20 days after t,he flyby,
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Figure 5. Earth Flyby, Trajectory North Pole View.

VVEJGA TRAJECTORY DESIGN TOOLS AND ANALYSIS

‘1’he VVI+,JGA trajectory design is accomplished using two trajec-
tory optimizer prc)grams developed at JPL. MIDAS, Reference ?., was
used to perform very preliminary studies to determine fundamental
trajectory characteristics such as the sequence of flyby bodies,
MIDAS models S/C trajectories using patched conies. The output
inform~ation  provided by MII)AS is then used as initial conditions
to the PI,Anetary Trajec:t.ory  Optimization (PLATO) program,
Reference 3. PLATO uses multi-conic propagation methods tc) more
accurately model the trajectory dynamics and employs a more so–
phisticateci optimization scheme. However, PLATO requires a good
guess of initial conditions in order for convergence to occur. A
complete study (Ref. 1) of all possible trajectories launching in
the September-October-November 1997 range and arriving at Saturn
from April 2004 to December 2005 was carried out as part c)f the
launch/arrival trajectory analysis process using PLATO.

In PLATO, optimizing  a trajectory means minimizing a cost
function which in this case is the total deterministic post-
launch AV required. Variables to consider are the launch V-in-
finity, the times of the cieterministic maneuvers, and the plane-
tary flyby parameters such as: the altitude, F1-plane  (hyperbolic
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orientation) angle, and the times of each planetary gravity-ass-
ist. flyby. These independent variables are allowed to change,
subject to upper and lower limits that may be placed on any or
all of the variables. These parameters may be subject to con-
straints arising from mission operations, such as the time or di-
rection of a maneuver. Other constraints come from science con-
siderations or are physical in nature. For example, a lower limit
on flyby altitude is specified so as to prevent the S/C from im-
pacting the flyby planet. or ente~ing its atmosphere.

!t’he solution for an optimized Cassini VVEJGA trajectory usu-
ally contains one or more deterministic maneuvers which are non-
zero AVIS. Other maneuvers are statistical and are nominally
zero, but in actual flight. become non-zero due to maneuver execu-
tion errors, orbit determination errors, and planetary ephemeris
uncertainties. For example, the first TCM (TCM-1), performed
about three to four weeks after launch, is a statistical maneuver
to correct for the injection errc)rs of the Centaur upper stage.

The analysis and design of the Cassini–VVKJGA t_rajecLory is a
complex, time-consuming process since the optimization of four
planetary flybys is rec~uired. The resulting set of trajectories
meet the injection capability of the launch vehicle.

VVEJGA MISSION PERFORMANCE

Mission performance is measu~-ed in terms of End of Mission
(EOM) AV, defined as the amount of AV available with the bipro-
pellant. remaining in the tanks after completion of the four year
satellite tour.

F’igure 6 provides a plot of launch date vs launch vehicle in-
jection margin in the left. axis and ROM AV in the right axis for
the baseline trajectory. Dot}) curves are constructed by combining
local and global c)ptimum trajectories; see Reference 1 . This com-
bination of trajectories optimizes performance throughout the
launch period. I,ocal optimum trajectories are utilized frc)m the
beginning of the launch period until October 13 (transition
point) and global optimum trajectories are used from that date
until the close of the launch period, ‘l’he C3 decreases for the
local optimum type of trajectories as the launch date is delayed
while the global optimum trajectories use a fixed C3 of 20 km~/sz
in this easel. Injection margin increases with the decrease in C3
for the local optimum trajectories but of course remains constant
for the glc)bal optimum trajectories since the C3 is constant. KOM
AV remains almost flat, -130 m/s, from the opening of the launch
period to the transition point,
to a value of about 215 m/s on
date cln, the EOM AV decreases
in the magnitude of the launch

.

where the FOM AV starts increasing
Octc)ber 25, 1997. From this launch
sharply due to the rapid increase
tc) Venus 1 maneuver.

1 ~he :;elect,ion of the fins] fixed c:+ will be driven PrimarilY by

launch vehicle considerations



Cassini’s 3132 kg of total propellant is used for det_erminis -
Lic ancl statistical (navigation) maneuvers, attitude cor,trol,
propellant line clearing maneuvers, and science turns. Navigation
maneuvers include interplanetary TCMS, an ODM occurring about,
four months after orbit. insertion, and TCMS for satellite-tour
navigation once the S/C is in orbit about Jupiter.

Table 2 shows the mass summary for the baseline mission for
the opening of the launch period. Table 3 shows a summary propel-
lant consumption F)rofile t.h~-oughc)ut  the mission for a launch date
on Oct. 6, 1997, and a C? of 18.1 km2/s2. A sample ROM AV is also
illustrated in Table 3. “

TableI 2. CASSINI MISSION MASS StJMMARY1.

Mass

Dry S/C (Orbiter) Allocation
Probe Interface Hardware Allocatic)n
Probe Allocation

Bipropellant (constant load through launch period)
Holdup and Residuals =- 81 kg
Required for AV = 2834 kg (l~p = 308s)
Margin = 85 kg

Hydrazine
Attitude & Articulation Cc)ntrol Subsystem (AACS) = 46 kg
Required for AV =- 52 kg (Isp = ~15s)
Margin = 34 kg

Total ‘Wet S/C (including P~-c)be)
I,aunch Vehicle Adapter Allc)cation
‘I’oLa] Injected Mass
Titan lV (SRMU)/Centaur Capability (c3=18.I km2/s2)
injection Margin

(kg)

2150
30

343

3000

132

5655
190

5845
6323

478

SATURN ARRIVAL/INITIAL ORBIT

The Cassini S/C encounters Sat_urnls outer moon Phoebe about 19
days before Saturn arrival at a flyby distance of -840,000 km.
This is the only opportunity for a Phoebe flyby during the mis-
sion and constrains the Saturn arrival date to be in late June
2004. A single main engine burn of about 90 minutes duration
places the S/C into orbit al)out. Saturn on June 25, 2004. SOI oc-
curs at a distance of 1 .3 Saturn radii and brings the S/C closer
to Saturn and the inner rings than will occur during the rest of
the satellite tour, representing a unique science opportunity.
‘l’he post-SOI orbital period is 15? days and the inclination with
respect to the Saturn equator is ~700 The initial orbit is de-
signed to target the combined Orbiter/Probe S/C to Titan with the
proper approach speed and accuracy. Therefore, a]t_hoUgh the jni-
tial orbit forms the beginning of the orbital tour, the design of

1

2
For the openning of the launch period on Oct. 6, 199-1.
13asecl upon NASA LeRC performance quotation (June 3, 1993) .

10
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Table 3. PROPELLANT CONSUMPTION PROFILE

AV Specific Initial Ljelta
1 rnpul se Mass Mass]

(m/s) (see) (kg) (kg)—.—— —.— —

Adapter drop

DSM 1

DSM 2

Interplanetary NAV
TCM Bi:propellant

Pre-SOI AACS

SOI

SO I Delay +
Gravity I,oss

PRM

l’irst Orbit TCM
Bipropellant

Probe :Release

ODM

Deterministic Tour
13ipropellant

Tour NAV TCM Biprop.

Tour NAV TCM
Hydrazine

o

466

391

548

76

326

38

5-1

200

271

43

308

308

308

308

308

308

308

308

308

308

215

5845

5655

5655

4847

4550

4519

3“/70

3675

3299

3258

2915

2860

2677

2447

190

808

297

31

749

93

376

41

343

55

183

230

50

Posi--SOl AACS 2397 15—— .— —

TOTATIS ?21 ‘/ 3422

I?OM Bipropell.ant/Hydraz,inc  AV Margin (m/s) : 110/34

Total
Total
Total

Total
Total
Total

. .

Usable Bipropellarlt  requi~-cc~ for nominal (kg) 2834
Usable Bipropcllant left. at FOM (kg) 85
Mission Bipropellant 3000

Usable Hydrazine required for nominal (kg)
Usable Hydrazine  left at ROM (kg) ::
mission Hydrazine  (kg) 132

1 Nufiers represent p r o p e l l a n t  m a s s e s ,  c3XCC?@-  where bold~ in w~lich

case the numbers reflect hardware masses.



Lhe initial orbit is driven mainly by Probe mission requirements
rather than tour science objectives.

PROBE MISSION

On November 6, 2004, approximat.e]y four months after SOI, the
Huygens Titan Probe will be properly oriented, spun, and re-
leased, At least two navigational maneuvers will be performed
before separation to ensure accurate targeting for atmospheric
entry. TWO days after separation, the Orbiter performs the ODM to
ensure that the Orbiter will not. follow the Probe into Titan’s
atmosphere and to establish the proper geometry for Probe data
relay. ‘I’he ODM delays the Orbiter’s arrival at ‘Titan by 4 hours
with respect to Probe entry in order to establish the recluired
relay link geometry. ‘I’he c)verf]ight  position for the Orbitel- will
be suitable for relay geometry and favorable for the tour design.
The initial Titan flyby altitude of the Orbiter is 1500 km. If
for scmne reason the F’robe cannot be delivered at the initial
Titan flyby, the Probe will be delivered at the second Titan en-
counter.

The Probe will be targeted for a high latitude landing site on
the day side of Titan. In order t.o minimize  t_ra-jectory dispersion
and thus enhance data relay link performance, and to avoid Probe
skip-out,, the Probe entry allgle into the atmosphere will be rela-
tively steep at -64°. The B-plane angle of the Probe aim point is
currently baselined at -80°. No Earth or Sun occultations of the
S/C by Titan occur during the initial flyby.

SATELLITE TOU’R

l’his Section ciescribes the baseline Saturn orbital tour. A
generalizeci tour strategy has been developed and implemented
which attempts to satisfy often cc)nflicting science requirements
given :mission and S/C const~-aints. The resulting tour is referred
to as the 92-01 satellite tour. At this early stage, however,
there are many factors which may eventually cause the tour pro-
file to diverge from that presented here.

‘1’he orbital tour begins at SOI and last,s four years. Figure 8
shows all tour orbits in a rotating coordinate system in which
the Sun direction is fixed, Since the F’igure has been projected
onto the Saturn equai-o~ial plane, the inclination of the orbits
is not apparent. Each orbit is referred to as a petal due to the
resemblance of E’igure 8 to a flower. The 92-01 tour consists of
63 Saturn orbits in various orientations, with orbital periods
ranging from 7 tc) 152 days, and Saturn periapses ranging from
about 2.7 to 7.6 Saturn radii . Ascending and descending node
crossings c)f the S/C orbit are restricted by the requirement to
avoid hazardous regions in the ring system. Orbital inclinations
with respect to the Saturn equator range from 0° to 76°, provid-
ing opportunities for ring imaging, magnetospheric  coverage, and
radio (lZarth) , solar, and stellar occultations of Saturn, Titan,
and the ring system.

13
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\, View From Saturn North Pole

Fj gure 8 . Saturr~ Orbjta] ‘l’our

A total of 33 close Titan flybys occur during the baseline
tour; these are to be used for gravity assist control of the
Satu]-n orbit,s as well as fo]” Titan science acquisition. Note that
a Titan flyby does not occur on every rev about Saturn. The S/C
is also target.cd for 4 close (altitude <= 1000 km) flybys of se-
lected icy satellites, and makes a total of 29 more distant
(alt_itude <= 100,000 km) satellite encounters.

Since Titan is Lhe only Sat,urnian  satellite massive enough to
provicle any appreciable g~-avity assjst, the tour orbits nmsL al-
ways include a nea~-l y free return to T;tan. Although small
propulsive maneuvers a~-e jncluded to allow some flexibility, the
Ilurnhe r and si z.es of these. mancuvel-s must be minimized. Sci cncc
requjremerrts  dictate t_haL the orbit be rotated wit_h respect to
the Saturn--Sun line in orde~- t.o obtain hot.h low phase angle cov-
erage of Saturn and sampling of the Saturn magnetotail region
which lies in the anti-Surl direction. lnvcstigat,ion  of the Saturn
magnetotai 1 ~-egion also requires near polar orbits. Inclination
must also be nonzero fo~- ring imagjng, SaLul-n/ring  occult,at.ions,
}li g}l latitude atmosphe~-e and magnetosphere science, complete
Titan coverage, ancl some lapetus flybys. Thus a wide range of
orbit orientations and inclinations is ~-equir-ed. A description of

14



both the tour strategy employed and the resulting trajectory
characteristics is presented below.

S3nce the initjal orbit. apoapsjs is over the dawn terminator
of Saturn, the initial orbit petal is rotated counter-clockwise
jn order to obtain low phase ancjle coverage of Satu~-n. Orbit
period is reduced to maximize both Saturn coverage and the number
of satellite flyby opportunities. During the first 10 Titan
flybys (Saturn revs O to 16) the orbit petal is rotated counter-
clockwise as much as possjble such that sufficient time exists to
eventually rotate the orbit petal clockwise to achieve the magne-
totail orientation near the end of the four. A fundamental goal
is to reach the magnetotail petal orientation (apoapsis along
anti-Sun djrection) by about 3 years into the tour, which I.eaves
sufficient time to increase the jnclinatiorl for the hjgh incl3na-
tion sequence by the end of the mission.

During the initial counter-c)c)ckwise  petal rotation, close
targeted flybys of satellites Rhea and Dione are obtained.
inclination is also increased for a short time to achieve a close
Iapetus flyby and a sequence of Saturrl/ring diametric occulta-
tions. Titan flybys 11 to 24 (Saturn revs 17 LO 35) rotate the
orbit petal clockwise towards the ant_i-Sun direct.jon. Along the
way, a close Enceladus flyby is obtained as well as a second
Saturn/ring diametrjc occultation sequence. Titan flybys 25-33
(Saturn revs 36 to 63) are used to incrementally rajse the orbjt
inclination to the final value of 76°.

Titan flyby altitudes ~-ange from 950 to 16,200 km and flyby
velocities range from 5.5 to 6.0 km/s. While many science 3nsi_ru-
ments favor minirnjzatjon of T3tan flyby altitudes, navigation and
S/C safety considerations tend to favor higher flyby altitudes. A
T3t-an flyby altitude reduction strategy is employed to slowly
lower the S/C altitude each flyby until the minimum permitted
value of 950 km 3s reached. Ten F:arth and 10 Sun Titan occulta-
L30ns occur ranging in duration f~-om 5 to 21 minutes. Five Earth
and 5 Sun clccultations  occur during the first two Saturn/ring oc-
cultation sequences and 27 Farth and 9 Sun occultations are ob–
tained during the high inclination sequence near the end c)f the
tour. ‘l’he Saturn occultation durations range from 2.7 to 11 .0
hours. Stellar occultations undoubtedly exist but have not yet
been identified.

Determin3.stic maneuve~s are requjred between all Titan to
Titan resonant orbjts in order t.c) change the aim point and are
often required to achieve the required phasing for targeted jcy
satellite flybys. The deterministic AV required by the 92-01 tour
is withjn the 200 m/s allocation. Statistical, or navigation,
AV’S are also planned both before and after each Titan flyby
(within a few days) and at orbit apoapsis. The tot-al statistical
AV allocation for the t.ouy- is 314 m/s.

The baseline tour cc)ncludes in June, 2008, with the S/C in an
orbit. period of 7.1 days, inclination of “16°, and periapsis ra-
djus of 2.7 Saturn radii .
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SECONDARY AND BACKUP TRWECTORIES

To enable recovery from possible extreme launch delays, the
Cassini project has selected a set of secondary and backup mis-
sion opportunities, summarized in Table 4. ‘1’hese missions make
use of the Venus--Rarth-F:arth Gravity Assist (VKRGA) trajectory
concept . Secondary missic]ns are allowed to have a launch date
less than six months after the baseline mission. ‘l’his mission
protects against launch slips that. occur after hardware delivery,
and can be diagnosed and fixed within a short time, but not
quickly enough to meet the baseline launch schedule. Science re-
turn can be degraded slightly in light of the competing pressure
to launch the S/C if a problem delaying the baseline mission is
identified and solved. Backup missions are required to be
launched at least six mc>nt,hs after Lhe baseline mission opportu-
nity, and to have the same science return profile as the base-
line. Backup missions are kept in the mission set to protect
against launch slips f~-om programmatic or technical issues that
cause a long launch delay.

The current. trajectory set contains a secondary mission oppor-
tunity. This mission launches on a Vl:~;GA December 199-/ type 11]
trajectory to Venus with a C3 of 18.9 km2/s2, F’igure 9. Venus
closest approach c)ccurs on June 4, 1998, at an alt,itude of -2350
km. After the Venus flyby, the S/C follows a type 111 trajectory
transfer to Earth. Earth clc)sest approach happens on Nov. 8, 1999
at an altitude of 2550 km. A deterministic manuever is executed
to properly phase the S/C for the second Earth flyby which takes
place on July 27, 2002, at an alt,it.ude  of 500 km. Finally, The
S/C arrives at Saturn on october 13, 2006. unfortunately, the
cruise time for the secondary mission is two years longer than
the baseline after a launch delay of about one month.

The backup mission oppc)rt.unity launches on a VEKGA March 1999
type IV trajectory to Venus with a C3 of 14.5 km2/s2, Figure 10.
Venus closest approach occurs on June 11, 2000 at an altitude of
--1407 km. Following the Venus flyby, the S/C goes on a type 11
trajectory transfer to F:ax-th. l:arth closest approach happens on
August 27, 2001 at an altitude of 2800 km. This Earth flyby puts
the S/C into a 3 year resonant loop to encounter the Earth for a
second time. A deterministic manuever is executed to properly
phase the S/C for the secc)nd Earth flyby which takes place on
August 22, 2004 at an altitude of 500 km. The S/C arrives at
Saturn on August 22, 2008.

The seccjndary and the backup trajectories have enough AV per-
formance to carry out the mission h’ith no degradation to the sci-
ence return. That is, the mission contains a full 4-year tour
wi th 33 Titan flybys. The significant difference between this
missions and the baseline is a lc)nger interplanetary cruise time,
However, the longer cruise times cause a change in the power
available due to the degradation of the Radioisotope Thermoelec-
tric Generator power source. ~’he available power level for the

1 Type 1 trajectories have a heliocentric transfer angle between O and
180 cleg., type 11 trajectories between 180 and 360 deg., and so on.
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backup mission at Saturn arrival is roughly equal to that avail-
able for the baseline mission at EOM (S01 + four years) . This
would result jn fewer instruments being allowed to operate at a
given time, or less engineering support to a suite of instru-
ments.

Table

Classification

!l’rajectory  Type

Launch Period

Arrival Date
C]-uise Duration
(years)
Satellite l’our
(years)
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Ncmcnclat.  ure

AACS
AU
C3
DSM
F,OM
HGA
l,eRC
1 )GA
JPII
MMC
NASA
ODM
PI,ATO
PRM
SOI
SRMU
s/c
1’CM
USAF’
VKRGA
VV}:JGA

Attitude and Articulation Control Subsystem.
Astronomical Unit.
Launch energy pe~- unit. mass.
Deep Space Maneuver.
F,nd of Mission.
High Gain Antenna,
Lewis Research Center.
I,ow Gain Antenna.
Jet Propulsion Ilaboratory.
Martin Marietta CorporaLion.
National Astronautics and Space Administration.
Orbit Deflection Maneuver.
PLAnetary !l’raject.ory  Optimization.
Periapsis  Raise Maneuver.
Saturn Orbit Insertion.
Solid Rocket Motc>r Upgraded.
Spacecraft,
Trajectory Co~-rect.jon Maneuver.
United States Air Force.
Venus-Earth-Rarth Gravity Assist.
Venus-Venus-Rart.h-Jupj  ter Gravity Assist..


